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A bstrac t .  In this paper, we describe the effect o f  iodine doping on the structure and electrical 
properties o f  crow n-ether-substituted phthalocyanines. For the doped phthalocyanines, a layered  
tw o-dim ensional structure w as found. A.c. im pedance spectroscopy revealed that doping strongly  
increases the bulk electronic conductivity o f  the “crowned" phthalocyanines and their alkali-metal 
picrate com plexes. The intermolecular barriers for conductivity were not affected by the iodine  
dopant.
In troduction
Phthalocyanines (Pc's) are known to exhibit sem icon d u ct­
ing properties1. An important constraint for achieving these  
properties is a face-to-face-stacked arrangement o f  the 
phthalocyanines with small interplanar distances. This 
stacking provides an extended pathway for electronic  
charge migration. A second requisite is the presence o f  free 
charge carriers, that is, the m olecules must have either a 
fractionally occupied valence or a conductance band. This 
can be achieved by partially oxidizing the Pc m olecules, e.g. 
with iodine.
Pc + — I-> --------- »- (P c )Iv
2
Iodine is a com m only used reagent because it easily forms 
charge-transfer com plexes with p h tha locyan ines1. T hese  
com plexes consist o f  segregated parallel arrays o f  partially 
oxidized Pc + 0-33 ions and polyiodine (I3~ )  ions. In the 
arrays the Pc units have been reported to have staggering  
angles o f  ^ 4 0 °  Sem iconducting properties have also  
been observed with partially oxid ized ligand bridged Pc’s2. 
Outstanding results have been obtained with iodine-doped  
single crystals o f  phthalocyanines. T hese system s exhibit a 
temperature dependence o f  the electrical conductivity usu­
ally found for m etals'. R oom -tem perature conductivities o f  
lO4- ^  S/m have been reported. Powdered polycrystalline  
sam ples, how ever, sh o w 2c lower room -tem perature co n ­
ductivities o f  1 0 “  ‘- 1 0 ~ 4  S/m. Studies have revealed the 
site o f  oxidation in Cu(Pc)I and N i(Pc)I to be the ligand n 
sy s tem 11'. On the contrary, in C o(Pc)I it is the metal center
* Dedicated to Prof. Dr. W. Drenth on the occasion of his retire­
ment from the Chair of Physical Organic Chemistry at the Univer­
sity of Utrecht.
which is o x id iz e d ,J. In all system s the conduction  pathway  
leads exclusively through the m acrocyclic stacks and not 
through the polyiodide chains, the principal charge carriers 
being electron holes.
In earlier publications we have reported on the synthesis  
and properties o f  phthalocyanines ( 1) to which four 
18-crown-6 rings are a ttach ed 3,4.
T hese m olecules can be aggregated with the help o f  alkali- 
metal ions which coordinate to the crowns. Ions with large 
diam eters are sandw iched  betw een the crown ethers and 
induce a face-to-face stacking o f  the phthalocyanines and 
the formation o f  colum nar aggregates. The stacking d is­
tance in the colum ns depends on the type o f  alkali-metal ion 
and decreases in the series K f >  C s + >  R b +4b. The 
colum nar aggregates display increased electronic con d u c­
tivities as com pared to the non-aggregated system s46. The  
highest conductivity has been m easured for the phthalo-
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cyanine-rubid ium -picrate com plex. A.c. im pedance studies  
have revealed that the conduction  pathway involves intra- 
columnar charge migration steps as well as inter-columnar  
hopping steps4b. The barriers o f  the latter steps are lower  
when alkali-metal ions act as cross-linking agents between  
the colum ns. The m ost efficient cross-linkers are R b + and 
C s + since for these ions the low est barriers have been  
m easured, viz. ~ 0 .4 5 e V .
As an extension o f  these studies we now report on the 
behaviour o f  iodine-doped crow ned phthalocyanines and 
their metal picrate com plexes.
Experim enta l
Phthalocyanines substituted with 18-erown-6 and 21-crown-7 rings 
were synthesized as previously described3. The K + , Rb + and Cs + 
picrate complexes of 18-crown-6-substituted copper-phthalo- 
cyanine, 1 • K + , 1 Rb + and 1 • Cs + , respectively, were prepared as 
in our previous paper4. The phthalocyanine compounds were 
doped with iodine by keeping them in closed vessels containing 
elemental-iodine vapour, for two weeks at room temperature. The 
phthalocyanines-to-iodine molar ratios were calculated from the 
increase in weight after the doping process and by elemental 
analyses. A 12/Pc molar ratio of 2.3 could be reached. Exposing the 
samples for a shorter time to iodine vapour resulted in lower 
ratios.
X-ray powder-diffraction patterns of the studied compounds were 
recorded on Guinier Johansson FR552 and Kiessig powder dif­
fractometers (100- and 400-mm sample to film distances).
DSC thermograms were taken on Seteram and Perkin-Elmer 
DSC-2 differential-scanning calorimeters with a heating rate of 
lOK/min. Phase transitions were studied with an Olympus polariz­
ing microscope in combination with a hot stage. 
Alternating-current (a.c.) impedance spectra were recorded in the 
temperature range of 20 to 80°C on samples which were doped 
under identical conditions. The analyses of the impedance spectra 
have been previously reported46.
Results  and discussion
The iodine dopant appeared to be weakly bound to the 
investigated materials. T G A  m easurem ents show ed  that the 
doped com pounds are thermally stable up to 90 °C. A bove  
this temperature loss o f  iodine occurred. The doping  
process was reversible. The starting phthalocyanines could  
be recovered by extraction with toluene or by keeping the 
doped sam ples under vacuum  at elevated tem peratures. All 
doped com pounds were air stable. Storage in open bottles  
at room tem perature for extended periods o f  tim e, did not 
lead to a loss o f  iodine or to a change in physical properties. 
U ndoped 1 is soluble in chloroform  and slightly soluble in 
D M F . After doping with iodine, com pound 1 appeared to 
be soluble in D M F  and only slightly soluble in chloroform. 
UV/Vis revealed that doping had little effect on the solution  
spectra o f  1 and o f  its free-base derivative. M any exam ples  
o f  d o n o r-a ccep to r  system s are known to show  stronger  
charge transfer in the solid state than in so lu tion5. In so lu ­
tion charge transfer is determ ined by the relative donor and 
acceptor strength o f  the solvated  com ponents. For instance  
the T T F /T C N Q + system  has a strong solvent-dependent  
charge transfer, which is always w eaker in solution than in 
the solid sta te5.
The X-ray powder-diffraction patterns o f  the iodine-doped  
phthalocyanines show ed  less sharp lines than those o f  the 
undoped sam ples415. This indicates that the crystalline struc­
tures are distorted w hen introducing iodine. W hen doped,
1 TTF = tetrathiafulvalene.
TCNQ = tetracyanoquinodimethane.
com pound 1 and its free-base derivative revealed variations 
in diffraction patterns. The patterns have great similarities 
with those described by Simon and co-workers for an 
undoped phthalocyanine similar to 1 but with 15-crown-5  
subunits6. They have proposed for this com pound an 
orthorhom bic structure with a unit cell a = 20.5, b = 18, 
c = 4.5 A as show n in Figure 1. The diffraction patterns o f  
the present doped com pounds with the larger 18-crown-6  
rings could be fitted into a similar structure. T w o very 
intense reflections at 23.8 and 19.6 A in our sam ples could
A B
Fig. 1. Two-dimensional lattice (B) form ed by the crowned 
phthalocyanines schematically given in A (the square represents 
the Pc unit and the circles^the crown-ether rings). The plus and 
minus signs indicate the out-of-plane positions o f the crown 
ethers. The position o f iodine is not indicated.
be related to a tw o-dim ensional ordered structure in the ab 
plane as indicated in Figure 1. C PK  m odels show ed that the 
center-to-center distance o f  the Pc m olecules along a two- 
dim ensional square lattice is approxim ately 22 A. To fit the 
crown ethers into the orthorhom bic lattice, Simon and c o ­
workers suggested a deform ation o f  the crown ethers out o f  
the plane o f  the lattice, as show n in Figure IB 6.
In our doped sam ples o f  1 two diffuse halos were observed  
between 4 . 2 - 4 .1 and 3 .4 -3 .3  A. T hese halos have also been  
reported for liquid-crystalline phthalocyanines substituted  
with eight aliphatic side cha in s7. T hese  phthalocyanines are 
surrounded by a paraffinic zone. In the m esophase  the Pc 
m olecules are stacked in colum ns which are organized in 
tw o-dim ensional hexagonal arrays. Our diffraction patterns 
show ed similarities with this colum nar m esop hase , but the 
symmetry o f  the reciprocal spacings did not fit into a hexa­
gonal ordered structure. Presum ably, the reason is that the 
crown-ether subunits can not fill the voids in the sam e way  
as the paraffinic side chains. The diffuse halo at 4 . 2 - 4 .1 A 
can be assigned to inter-crown-ether distance in the crystal­
line phases. This d istance is slightly smaller than that found  
by Simon et al. for the undoped com p ou n d s6. The second  
halo at 3 .4 -3 .3  A, can be related to the interplanar Pc d is­
tance. This d istance is slightly smaller than the 3.5 A found  
for undoped l 4b. T hese  data suggest that with doping the 
interplanar Pc distance decreases. This observation is in 
accordance with literature data on unsubstituted Pc’s where  
also a decrease o f  the Pc spacing has been observed when  
doping with io d in e16. Since our halos at » 4 .1  and »3.3 A 
were diffuse, they did not correspond to a periodicity o f  the 
lattice but only to m ean values. This indicates that som e  
disorder is present along the c axis. The doped com pounds,  
therefore, seem  to have a tw o-dim ensional layered structure 
(Figure 1) in which the successive  layers are poorly corre­
lated. Som e stacking order o f  the Pc m olecu les, how ever, is 
still present. Similar layered structures have been reported  
for charge-transfer com plexes betw een n donors substituted  
with long aliphatic chains, and T C N Q 9. T hese  com plexes  
have been found to exhibit sm ectic and nem atic m eso-  
phases.
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calculated from conventional Arrhenius plots o f  the tem ­
perature dependence o f  the electronic conductivity, 
g = a 0 • exp [ -  E J (k  • T)].  A substantial increase o f  the e lec­
tronic conductivity by several powers o f  ten occurs when  
crowned phthalocyanine 1 and its metal picrate com plexes  
are partially oxidized by iodine. Values o f  1 0 " 3 to 10 “ 4 S/m  
(at room tem perature) are obtained and m ust be com pared  
to the values o f  1 0 ~ 4  to 1 0 “ 7 (at 180°C ) for the undoped  
com pounds.
Table II Electronic conductivity (a) at room temperature and con­
ductivity activation energy ( £ a) o f iodine-doped 1 and o f its metal 
picrate complexes.
Compound ct/( S ■ m ' ) “ £„/eV
Doped
I T , 7.10 _ 3 0.12
1 K + l t 2.10 “ •* 0.18
1 R b+ l v 5.10“ 4 0.15
l - C s  + - l j 2 .1 0 - 4 0.15
Undoped
1 5.10 " 7 ( 180°C) 1.18
Î K + 1.10 “ 5 (180°C) 1.33
1 Rb + 3.10" J (180°C) 1.02
1 Cs + 7.10 - 5 (180°C) 1.09
;l It should be noted that these values are dependent on the micro- 
structures of the samples.
The increase in the electronic conductivity is larger for 1 
than for its metal picrate com plexes (Table II). D op ed  1 
exhibits the highest conductivity. It is difficult to relate the 
electronic properties o f  doped materials to crystal struc­
tures, since it is not know n how  m any charge carriers are 
actually generated in each com pound w hen doped with 
iodine. It is striking, how ever, that doped 1 is a better co n ­
ductor than the doped metal picrate com plexes o f  1. D oping  
leads to a structural reorganisation, resulting in a smaller  
interplanar Pc distance for 1 than for its metal picrate co m ­
plexes. As m entioned above, the structures o f  metal picrate 
com plexes o f  1 do not significantly change upon doping. 
Apparently, the metal salts prevent any reorganisation and 
the increase in conductivity  seem s only to be dependent on
the generation o f  free charge carriers. Therefore, the 
sequence in conductivity is more or less similar to that o f  
the undoped sam ples (Table II).
The parallel R xQ xp  unit in the equivalent circuit (Figure 4) 
can be explained by the existence o f  grain bounderies in the 
sam ples, or may result from interstack crossing o f  the 
charge carriers46. To resolve this ambiguity, im pedance  
spectra o f  sam ples having different micro-structures were  
studied. In order to obtain these different micro-structures, 
sam ples were densified either after chem ical synthesis, or 
after extensive grinding. In addition, melting the sam ples  
provided a third type o f  micro-structure. Scanning electron  
micrographs revealed distinct differences in m icro-struc­
tures (Figure 5).
It appeared that R x w as not influenced. H ow ever, R b , was  
affected, in the sense that the low est values o f  Rb were  
obtained for sam ples with the sm allest grain size. D ecreas­
ing the dopant level resulted in increased values for Rb. R ] 
was not affected. At I2/Pc ratios betw een 0.5 and 0.9
<  10 5 S /m ), the im pedance spectra were similar to 
those o f  the undoped sam ples46 and could be fitted into the 
equivalent circuit RbC f pQ pR {s. R x values did not vary on  
decreasing the dopant ratio. At dopant ratios lower than  
0.5, im pedance spectra could not be m easured accurately at 
room temperature. Q has values for a o f  0.5 and may, there­
fore, be related to a contribution o f  iodine diffusion. These  
data suggest that R , in Figure 4 represents the barrier 
between the stacks which charge carriers have to cross. The  
activation energies, £ a(i? ,), for this intercolumnar hopping  
proces are listed in Table III.
Table III Activation energies, £ a(/?,), for hopping o f electronic 
charge carriers between the stacks.
Compound £ a(*.)/eV
I I , 0.59
1 K + lx 0.51
1 R b+ \ x 0.40
l C s + I, 0.44
Similar values for £ a( f i , )  were found for the undoped  
sam ples. As show n in Table III, charge carriers in 
com pound 1 • I v require a larger activation energy to cross  
the barriers betw een the stacks than the charge carriers in
Fig. 5. Micro-structures o f  samples densified after chemical synthesis (A) and after melting (B)
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calculated from conventional Arrhenius plots o f  the tem ­
perature dependence o f  the electronic conductivity, 
a  = a 0 * exp [ -  E J (k  • T)\. A substantial increase o f  the e lec­
tronic conductivity by several powers o f  ten occurs when  
crowned phthalocyanine 1 and its metal picrate com plexes  
are partially oxid ized by iodine. Values o f  1 0 " 3 to 1 0 " 4 S/m  
(at room tem perature) are obtained and m ust be com pared  
to the values o f  10 ' 4 to 1 0 -7  (at 180°C ) for the undoped  
com pounds.
Table II Electronic conductivity (a) at room temperature and con­
ductivity activation energy ( £ a) o f  iodine-doped 1 and o f  its metal 
picrate complexes.
Compound q • 3 1 £ ,/eV
Doped
M , 7.10 ~ 3 0.12
1 K + lx 2 . 10" 4 0.18
1 • Rb + •1r 5.10" 4 0.15
l C s + I , 2 . 1 0 - 4 0.15
Undoped
1 5.10 " 7 (180°C) 1.18
1 ■ K + 1.10 " 5 (180°C) 1.33
1 Rb + 3.10 “ 4 ( 180°C) 1.02
1 Cs + 7.10~ 5 (180°C) 1.09
;l It should be noted that these values are dependent on the micro­
structures of the samples.
The increase in the electronic conductivity is larger for 1 
than for its metal picrate com plexes (Table II). D op ed  1 
exhibits the highest conductivity. It is difficult to relate the 
electronic properties o f  doped materials to crystal struc­
tures, since it is not known how  m any charge carriers are 
actually generated in each com pound w hen doped with  
iodine. It is striking, how ever, that doped 1 is a better co n ­
ductor than the doped metal picrate com plexes o f  1. D oping  
leads to a structural reorganisation, resulting in a smaller  
interplanar Pc distance for 1 than for its metal picrate co m ­
plexes. As m entioned above, the structures o f  metal picrate 
com plexes o f  1 do not significantly change upon doping. 
Apparently, the metal salts prevent any reorganisation and 
the increase in conductivity seem s only to be dependent on
the generation o f  free charge carriers. Therefore, the 
sequence in conductivity is more or less similar to that o f  
the undoped sam ples (Table II).
The parallel R xQ xp  unit in the equivalent circuit (Figure 4) 
can be explained by the existence o f  grain bounderies in the 
sam ples, or may result from interstack crossing o f  the 
charge carriers46. To resolve this ambiguity, im pedance  
spectra o f  sam ples having different micro-structures were  
studied. In order to obtain these different micro-structures, 
sam ples were densified either after chem ical synthesis, or 
after extensive grinding. In addition, melting the sam ples  
provided a third type o f  micro-structure. Scanning electron  
micrographs revealed distinct differences in micro-struc- 
tures (Figure 5).
It appeared that R x w as not influenced. H ow ever, Rb , was  
affected, in the sense that the low est values o f  Rb were  
obtained for sam ples with the sm allest grain size. D ecreas­
ing the dopant level resulted in increased values for R b. R ] 
was not affected. At I2/Pc ratios betw een 0.5 and 0.9
<  10 5 S /m ), the im pedance spectra were similar to 
those o f  the undoped sam ples46 and could be fitted into the 
equivalent circuit RbC r pQ pR xs. R x values did not vary on 
decreasing the dopant ratio. At dopant ratios lower than  
0.5, im pedance spectra could not be m easured accurately at 
room temperature. Q has values for a o f  0.5 and may, there­
fore, be related to a contribution o f  iodine diffusion. These  
data suggest that R x in Figure 4 represents the barrier 
between the stacks which charge carriers have to cross. The  
activation energies, £ a(/? ,), for this intercolumnar hopping  
proces are listed in Table III.
Table I I I  Activation energies. E.l{R i ), for hopping o f electronic 
charge carriers between the stacks.
Compound £ a(*.)/eV
M , 0.59
I K * ! , 0.51
1 R b + l x 0.40
1 C s+ Ix 0.44
Similar values for E.d( R x) were found for the undoped  
sam ples. As show n in Table III, charge carriers in 
com pound 1 • lx require a larger activation energy to cross  
the barriers betw een the stacks than the charge carriers in
Fig. 5. Micro-structures o f samples densified after chemical synthesis (A) and after melting (B).
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the metal picrate com plexes. The rationale is that in the 
latter com plexes the intercolumnar distance is shorter, since  
the alkali-metal ions act as cross-linking agents. The barrier 
is dependent upon the size o f  the metal ion is smaller for the 
R b + com plex than for the C s + com plex. This can be 
explained from the fact that R b + is a more efficient cross-  
linker than Cs + 4. The barrier for the K + com plexes is rela­
tively large, since in this com pound the picrate ions are 
intercalated betw een the Pc m acrocycles4.
The present experim ents with iodine-doped com pounds, 
clearly reveal that the bulk electronic conductivity is 
dramatically enhanced when increasing the number o f  free 
charge carriers by partial oxidation. The electronic co n ­
ductivity dom inates any ionic contribution o f  iodine and 
metal ions. It is o f  interest to note that the crossing o f  the 
charge carriers betw een the stacks is likely to be the bottle­
neck o f  the electronic conductivity in the iodine-doped  
com pounds.
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